Introduction 43
The extent and type of genetic variation present in the germplasm of a crop is an 44 important component of efficient breeding programs, because it provides useful 45 information for the broadening of breeding pools, the utilization of heterosis and the 46 selection of parental lines. Also, this information helps breeders to narrow the search for 47 new alleles at loci of interest and assists in the identification of markers linked to 48 desirable traits for introgression into new varieties [1] . An assessment of genetic diversity 49 is also essential for the organization, conservation and use of genetic resources to develop 50 strategies for optimal germplasm collection, evaluation and seed regeneration [2] . 51 Ex situ conserved plant genetic resources (PGR) are plant genotypes that are stored 52 in central storage facilities. PGR are utilized to improve modern cultivars by the 53 introgression of new and exotic genetic variation into breeding pools (e.g., [3] ). However, 54 PGR often experience a loss of genetic diversity, stronger inbreeding depression 55 (especially in outcrossing crops) and accumulation of deleterious alleles because of small 56 population sizes of individual genebank accessions. These processes may negatively Germany. All accessions of this study including accession type and country of origin are 113 listed in Table S1 . 114 Genebank Combined Field experiment and phenotypic measurements 115 All accessions were evaluated for six morphological traits at six environments consisting 116 of two cultivation methods (organic and conventional) and three growing seasons (June 117 2011 and April/August 2012) in a randomized complete block design (RCBD) with two 118 replicates in each environment [23] . Five random plants per plot were evaluated every 119 three days for the following traits: curd width (cm), cluster width (cm), number of were divided into two libraries, each consisting of 96 genotypes. Before sequencing the 137 GBS libraries, the distribution of fragment sizes were determined with an Agilent 2100 138 Bioanalyzer (Agilent Technologies, Santa Clara, CA) to verify that adapter dimers are 139 absent and DNA fragments range between 170-350 bp [15] . reference genome ( Figure 1 ). The percentage of mapped reads per genotype against B. 225 oleracea ranged from 14% to 35% with an overall average of 29% (Table S3 ). Based on 226 the mapping to the Brassica oleracea reference genome, 120,693 SNPs were detected in 227 the remaining 174 samples (120,693 SNPs with missing data and 1,444 SNPs without 228 missing data in any of the accessions). The mean percentage of missing data across all 229 genotypes was 42% and values ranged from 19% to 77% per genotype. The number of 230 SNPs and percentage of missing data per genotype are shown in Table S4 . 
Analysis of genetic population structure 232
The genetic structure of the whole collection (n = 174) was analyzed with PCA, PCoA 233 and ADMIXTURE. Here, we present the results for the set of 1,444 SNPs without 234 missing data, but the same results were obtained with the other two data sets with 235 missing or imputed data (in both cases, n = 120, 693), which are provided as 236 Supplementary Information.
237
The marker-based PCA showed a clear differentiation between the two genebanks for 238 the SNP data ( Fig. 2A ). The first two axes explained 21% of the overall variance and separated accessions from the USDA and IPK genebanks. The SNP data sets with 240 missing and imputed values showed the same genetic structuring ( Fig. S1 ).
241
Further analyses confirmed the genetic differentiation of accessions and reveal that 242 the largest proportion of genetic variance is explained by the difference between the two 243 genebanks. A PCoA based on pairwise F st values separated the USDA from the IPK 244 accessions on the first principal component axis, which explained 24% of the overall 245 variance, whereas the second axis explained only 8% of the variance (Fig. S2) . A 246 neighbor joining (NJ) tree based on a pairwise distance matrix separated the 174 247 accessions into two distinct groups (Fig. 3A) representing the two genebanks. In both 248 groups, accessions are not differentiated into well-supported subgroups that reflects the 249 country of origin (Fig. 3B ). The NJ trees based on the SNP data with missing or 250 imputed data (120,693 SNPs in both data sets) confirm these results ( Fig. S3 ). In addition to the differentiation between genebanks the previous analyses also 252 indicate the presence of additional clusters. We therefore used ADMIXTURE to infer 253 population structure and to estimate the number of genetic clusters that is most 254 7/21 consistent with the data. For K = 2, two groups mainly differentiated between the two 255 genebanks (Fig. 4, S4 and S5). Based on cross-validation, ADMIXTURE identified five 256 genetically different clusters as most consistent with the GBS data without missing 257 values With K = 5, the IPK accessions cluster into two distinct groups with some 258 degree of admixture, whereas the USDA accessions do not form distinct clusters and 259 show a high level of admixture ( Figure 4 ). SNPs as outliers (Table S8 ). Since no p-values can be calculated for the X T X statistic, 281 we ordered SNPs by the rank order of X T X values, as suggested by [43] to detect 282 strongly differentiated SNPs. A total of 73 SNPs were among the top 5% (Table S9 ).
283
The Venn diagram in Figure 5 shows little overlap of highly differentiated SNPs 284 detected between pairs of methods, and only one SNP was identifed as an outlier by all 285 three methods.
286
Phenotypic differentiation between genebanks 287
Since the genetic analysis indicated a strong differentiation of accessions from the two 288 genebanks, we also investigated their phenotypic differentiation. A PCA of phenotypic 289 9/21 To test which traits are significantly differentiated between genebanks, we used 301 10/21 MANOVA for comparison because some traits are strongly correlated ( Figure S6 ). The 302 strongest correlation is between length of nearest branch to apical meristem and length 303 of apical meristen (r = 0.798, p = 10 −12 ). The phenotypic variance was different 304 between accessions from both genebank, and the MANOVA with genebank as grouping 305 factor strongly supported the phenotypic differentiation (Pillai test statistic: 0.3158, 306 p < 10 −11 ). A post-hoc analysis of single-factor ANOVA with Bonferroni correction 307 revealed that only the traits curd width (F = 15.4, p = 0.0001254) and cluster width 308 (F = 67.8, p < 10 −14 ) differed between genebanks. the reference genome is still incomplete. The proportion of matching reads may be also 323 influenced by a limited sensitivity of the Burrows-Wheeler Alignment (BWA) algorithm 324 or a high proportion of presence/absence variation (PAV) [18] .
325
GBS was used for a wide range of species and is an effective method for generating 326 tens of thousands SNP markers [15, 17] , but the high proportion of missing data, which 327 in our study varied between 19% and 77% per accessions, is a major disadvantage [15] . 328 Possible solutions to reduce the proportion of missing data include the sequencing to 329 higher read depths [16] or the imputation of missing values, which we pursued in this 330 study. A comparison of diversity estimates obtained with the three SNP sets indicates 331 that estimates of observed heterozygosity, H o , are influenced by missing data, whereas 332 estimates of the inbreeding coefficient and nucleotide diversity, π are very similar 333 (Table 3) . Therefore, genome-wide parameters like diversity or genetic structure can be 334 estimated with or without missing data. Due to the rapidly decreasing sequencing costs 335 and protocols for low-cost preparation of whole genome sequencing libraries [45] , low 336 coverage genome sequencing is rapidly becoming the method of choice for characterizing 337 the genomic diversity of species with moderate genome sizes such as B. oleracea. The Despite the high proportion of missing data, GBS allowed to analyze genetic diversity 344 and population structure in B. oleracea genebank accessions. Our sample of cauliflower 345 accessions form groups that do not reflect their geographic origin but the seed source 346 (i.e., ex situ genebank). A geographic population structure was found in previous survey 347 of cauliflower cultivars [9] despite a smaller sample size than our study. Furthermore, 348 patterns of genetic diversity of switchgrass, maize and sorghum genebank accessions 349 obtained with GBS was consistent with the ancestral history, morphological types and 350 geographic distribution of these crops [18] [19] [20] . The clustering and the different levels of 351 genetic diversity between genebanks suggest that other factors than geographic origin analyses and they clustered together with the set of USDA accessions. They consist of 362 four landraces and one hybrid (Table S1 ), supporting the notion that the USDA 363 genbank included more sources of germplasm that resulted in a larger collection of 364 genetically diverse landraces (which were labeled as 'unverified') than the IPK genbank. 365 The significant difference in average collection date between both genebanks may 366 further contribute to their differentiation. According to the passport data, the USDA 367 accessions are on average more than 15 years older than the IPK accessions. The USDA 368 accessions were collected between 1948 to 1981 with an average of 1959, whereas the 369 IPK accessions were collected between 1957 to 2002 with an average of 1974. For this 370 reason, the observed population differentiation may also be caused by various process 371 such as breeding progress, seed management strategies, inbreeding or genetic drift of B. 372 oleracea germplasm. Unfortunately, limited passport information did not allow us to 373 account for the breeding history and relationships among varieties as co-variate in the 374 population structure analysis and to disentangle the effects collection date and 375 geographic origin on diversity estimates. In addition, the absence of a strong geographic 376 structure may result from a combination of low genetic diversity in cauliflower [11, 12] , 377 an exchange of seeds over large distance in historical time, and a high level of gene flow 378 due to outcrossing with other varieties [46] . On the other hand, the lower genetic 379 diversity of the IPK relative to the USDA accessions may be caused by a higher 380 proportion of modern cultivars, which have a narrower genetic basis resulting from 381 modern breeding methods. These different processes are difficult if not impossible to 382 reconstruct and confound the analysis of genetic diversity.
383
A second explanation for differentiation between genebanks are seed regeneration 384 procedures which may affect genetic diversity [47] [48] [49] [50] . In several species, ex situ 385 conserved genetic resources had a lower diversity than in situ conserved 386 populations [51] [52] [53] or historical material [46] . A reduction in the diversity of ex situ 387 genebank material is mainly caused by a small number of individuals per accession that 388 are usually conserved. Such accessions are exposed to genetic bottlenecks, inbreeding 389 depression, the accumulation of mildly deleterious mutations and a loss of genetic 390 diversity by random drift [6, 52, 54, 55] . A high overall inbreeding coefficient of >0.5 for 391 all accessions estimated from the GBS data suggest an impact of small population size 392 on genetic diversity. The inbreeding coefficient depends on the breeding history of the 393 material before inclusion into the genbank and the seed propagation protocols. The seed 394 regeneration procedures at the USDA and IPK genebanks likely did not contribute 395 much to the observed differentiation. Seed regeneration at the USDA genebank is 396 carried out in 12 x 24 ft cages (corresponding to 26.8 m 2 ) with mesh covers to prevent 397 cross-pollination by insects and a population size of at least 100 plants per accession. At 398 IPK, cauliflower accessions are cultivated in small glass houses containing other species 399 as well. The total area is about 6 m 2 and population size is 20-25 plants. At IPK, seeds 400 are regenerated after 20 years and at USDA after 15 years, which on average 401 corresponds to 1.5 and 4 regeneration cycles for the material included in this study.
402
Using the formula for calculating the expected decay in heterozygosity, 56] , the expected relative decay in heterozygosity of USDA 404 genebank accessions is ∆H = (1 − 1/100) 4 = 0.96 under the assumption that on average 405 each accession has undergone 4 regeneration cycles, and of IPK accessions 406 ∆H = (1 − 1/20) 1.5 = 0.93. Although a more rapid decay in heterozygosity is expected 407 in the IPK collection, the difference is rather small. regeneration, pollination is managed with commercial pollinators like bumblebees, but 418 the reproductive success is not closely monitored and the effect of selection on the 419 relationship structure is unknown. To test the potential impact of selection, we used 420 three outlier tests to identify highly differentiated SNPs. Out of 1,444 tested SNPs 421 without missing data, 12.5% (LOSITAN), 5.5% (Arlequin) and 5% (BayPass) were 422 classified as highly differentiated between the two sets of accessions. The three methods 423 differ in their approach to control for population structure and kinship to reduce the 424 proportion of false positives. Shimada et al. [57] suggested to consider only SNPs that 425 were identified by more than one method as true outliers, and such an approach was 426 further confirmed in a simulation study of non-equilibrium populations [58] . Hence, in a 427 comparison of outliers identified in our data ( Figure 5) , we identified only 0.8% (12 out 428 of 1,444 SNPs) of SNPs as outliers by LOSITAN and BayPass, 0.6% (0) by LOSITAN 429 and Arlequin, 0% (0) of SNPs by BayPass and Arlequin, and only a single SNP by all 430 three methods. Overall, this is a small proportion (<1%) of the total number of SNPs 431 tested. In conclusion, if natural or unintentional artificial selection during seed 432 regeneration contribute to genetic differentiation, it may either weak selection, affect 433 only few genomic regions or occur in regions that were not tagged by the SNPs of this 434 study. The identification of strongly differentiated SNPs rests on the assumption that 435 both collections derive from the same ancestral population, which likely is not true for 436 our sample. The comparison of allele frequencies of accessions over seed regeneration 437 cycles with higher marker densities is a more powerful approach to detect the effect of 438 selection on ex situ genebank material, and facilitates the close monitoring of allele 439 frequency changes and a better management of ex situ germplasm collections.
440
Characterizing genebank accessions with GBS 441 A major advantage of GBS and related methods is their applicability to any species.
442
These methods do not entail setup costs like SNP arrays and do not cost much per 443 individual genotype, but provide sufficient power for genome-wide analyses of 444 population structure and genetic relationships. On the other hand, GBS has a high 445 proportion of missing data that may reduce the power for correct estimation of 446 population parameters. Data imputation was suggested as a solution because it can be 447 accurate and then increase the quality of genomic selection or association 448 mapping [59, 60] . In our study, however, a comparison between three GBS-derived data 449 sets consisting of SNPs without missing values, SNPs with missing values, and imputed 450 SNPs revealed only a minor effect of missing data and data imputation on the ability to 451 infer the population structure, although diversity estimates differed significantly 452 between imputed and non-imputed data ( Table 2) . This result confirms a previous 453 study [61] in which the estimation of heterozygosity and inbreeding coefficients was less 454 accurate with a high proportion of missing data and estimation biases were much 455 smaller for data sets with missing values than for imputed data sets. Furthermore, the 456 density of GBS-derived markers are frequently too low to detect footprints of (Figure 7) indicates that GBS is a highly suitable approach for defining core 460 collections and sets of genetically differentiated genebank accessions that are further 461 used for whole genome sequencing, phenotypic characterization or the establishment of 462 (pre-)breeding populations. Our study outlined the usefulness of GBS to characterize the genetic diversity of 465 genebank accessions of a minor crop like cauliflower. A key result was the strong 466 differentiation of genetic diversity between the two genebanks which most likely reflects 467 the different collection histories of the two genebanks. Due to a lack of detail in the 468 passport information, factors influencing genetic diversity like sampling strategy, 469 regeneration procedures and selection during regeneration could not be well 470 reconstructed, although the type of accessions included (landraces vs. cultivars) likely 471 has a strong influence. The low cost of GBS and low-coverage genome sequencing 472 suggest that a lack of passport information can be substituted by high-resolution 473 genotyping and suitable analysis methods to characterize the diversity of germplasm 474 from different sources. This facilitates the exchange of material between genebanks and 475 the construction of core collections that harbor a high proportion of species-wide genetic 476 and phenotypic diversity for a more efficient utilization of plant genetic resources [63] . 477 GBS-derived polymorphisms may facilitate an exchange of germplasm between 478 genebanks, but this requires an infrastructure for genomic data management similar to 479 the information system already in place for passport data. Our work also demonstrated 480 monitoring of genetic diversity during seed regeneration allows to manage diversity 481 within accessions to mitigate some disadvantages of small population sizes of ex situ 482 conserved plant genetic resources, in particular for outbreeding crops such as cauliflower. 483 
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